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Abstract
The one dimensional (1D) driven quantum coupled pseudoforce system governing the dynamics
of collective Langmuir electron oscillations is used in order to investigate the effects of variety of
space charge distributions on plasmon excitations of a nearly free electron gas with arbitrary degree
of degeneracy and electron fluid temperature. A generalized closed form analytic expression for the
grand wavefunction of collective excitations in presence of an arbitrary space charge distribution
is presented based on the stationary solutions of the driven coupled pseudoforce system which has
been derived from the Schro¨dinger-Poisson model. The wavefunction and electrostatic potential
profiles for some especial cases such as the Heaviside charge distribution, Dirac charge sheet, impu-
rity charge sheet in 1D plasmonic lattice and the Kroning-Penney Dirac charge distributions with
particular applications in plasmonics and condensed matter physics is investigated in this paper.
It is remarkably found that two parallel Dirac charged sheets completely shield all interior plasmon
excitations with any given energy value from outside electrostatic fields and charge densities. It is
also found that the presence of even a weakly charged impurity layer within a perfect 1D plasmonic
crystal profoundly destroys the periodic electrostatic field of the crystal lattice, hence, the Bloch
character of the wavefunction considered in band gap theory of solids. Current investigation of
electron excitations in arbitrary degenerate electron gas in the presence of static charge distribu-
tions may be used to develop analytic models for a variety of real physical situations. It also helps
in further developments of the rapidly growing fields of nanotechnology and plasmonics.
PACS numbers: 52.30.-q,71.10.Ca, 05.30.-d
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I. INTRODUCTION
Collective effects play a fundamental role in many body fermionic and bosonic systems
like solids [1, 2]. In fermionic systems like plasmas multi-ingredient aspects lead to variety of
interesting linear and nonlinear properties due to colorful interactions among different species
[3–6]. Therefore, a lot of analytical as well as numerical methods have been developed over
the years to investigate these interesting aspects of plasmas [7–11]. Almost all physical
properties of condensed matter, biological and molecular systems, electron-hole dynamics in
solids etc. are affected by complex collective electromagnetic interactions [12–16]. Dynamic
properties of such complex settings are usually dealt with kinetic and fluid models [17–20].
In dense quantum systems with extra quantum potential interactions, on the other hand, the
statistical tools to study the field-density time evolution require a memory-time consuming
large scale numerical simulations through well-known models like Hartree-Fock, Wigner-
Poisson-Maxwell, magnetohydrodynamic and ground state density functional, etc. due to
large degree of freedom and complex nature of particle interactions. Nowadays, however,
very realistic simulations has been possible for kiloscale degree of freedom (DoF) systems
with the help of improved computing systems and algorithms which brings into view some
interesting statistical behavior of many body charged systems [21]. Recently, the generation
of high-harmonic in metallic nanoparticles has been examined by numerical evaluation of
nonlinear electron dynamics using the quantum hydrodynamics model incorporating the
self-consistent Hartree potential, in which collective excitations in 200 gold nanoparticles
has been examined [22]. In another work the extended quantum hydrodynamic model with
Hartree potential and exchange effect has been employed to numerically study the plasmon
excitations in a quantum trap [23].
Plasmons are elementary collective excitations of free electron systems such as plasmas,
metals, nano-metallic compounds, etc. which cause peculiar quantum features in physical
properties like electric and thermal conductivities, optical properties and dielectric responses
etc. [24]. Electron-hole quantum transport and tunneling through potential barriers in inte-
grated circuits are typical collective phenomenon understanding of which requires in depth
knowledge of these elementary excitations [25–27]. Study of plasmon excitations has started
with pioneering works of Bohm [28], Pines [29] and Levine [30]. There has been however
a renewed momentum in investigation of different aspects of these entities due to their
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fundamental contribution to the rapidly growing fields of nonotechnology, optoelectronics,
plasmonics and low dimensional systems. For instance, there has been numerous recent
investigations revealing many outstanding new quantum aspects of electron plasma oscilla-
tions in collective charged environments using density functional, quantum hydrodynamics
and kinetic approaches [31–48]. In this paper we use the newly introduced concept of cou-
pled pseudoforce [49, 50] based on the Schro¨dinger-Poisson to obtain the grand wavefunction
which includes the wavefunction together with the collective electrostatic potential of the
free electron gas with arbitrary degree of electron degeneracy and electron fluid temperature
in Sec. II. This approach is then extended to include the effect of static charge distribution
as the driving pseudoforce in Sec. III. The later approach is then used to study the plasmon
excitations in Heaviside in Sec. IV and Dirac delta charge distributions and Kronig-Penney
model in Sec. V. Conclusions are also presented in Sec. VI.
II. GRAND WAVEFUNCTION OF PLASMON EXCITATIONS
We would like to study plasmon excitations of finite temperature arbitrary degenerate
electron gas in presence of different electrostatic potential configurations solving for the
plasmon wavefunction and the electrostatic potential function. Let us now consider a one
dimensional isothermal electron gas with the chemical potential µ0 and fluid temperature
T . Dynamics of electron fluid is described using the following effective Schro¨dinger-Poisson
model which is related to the hydrodynamic formulation as described elsewhere [51]
ih¯
∂N
∂t
= − h¯
2
2m
∂N 2
∂x2
− (eφ− µ)N , (1a)
∂φ2
∂x2
= 4πen, (1b)
in which N =√n(x, t) exp[iS(x, t)] is the time dependent electron fluid wavefunction with
NN ∗ = n(x, t) and n(x, t) and u(x, t) = (1/m)∂S(x, t)/∂x being the number density and
fluid speed of the arbitrary degenerate electron gas, respectively. The isothermal electron
gas is described via the following generalized equation of state
n(µ, T ) =
21/2m3/2
π2h¯3
∫ +∞
0
√
ǫdǫ
eβ(ǫ−µ) + 1
, (2a)
P (µ, T ) =
23/2m3/2
3π2h¯3
∫ +∞
0
ǫ3/2dǫ
eβ(ǫ−µ) + 1
. (2b)
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satisfying the thermodynamic identity ∂P (µ, T )/∂µ = n(µ, T ) which has been used to re-
place the electron statistical pressure with the chemical potential in the Schro¨dinger-Poisson
model. Each electron in the system is described by a wavefucntion which is in the linear
perturbation limit a combination of single particle wavefucntion and a collective electrostatic
interaction wavefunction as described elsewhere [52]. The later is attributed via the mean
field Hartree potential in the Schro¨dinger-Poisson model [23]. We consider the later model
as described in terms of the electron chemical potential instead of the scalar Fermi pressure
which is assumed to remain constant to the linear order. Therefore assumingN = ψ1(x)ψ2(t)
the coupled pseudoforce model describing the stationary plasmon solution is as follows
d2Ψ(x)
dx2
+ Φ(x) = −2EΨ(x), (3a)
d2Φ(x)
dx2
−Ψ(x) = 0, (3b)
in which assuming µ ≡ µ0, we have used the normalized quantities in (1) as Ψ(x) =
ψ1(x)/
√
n0 where n0 is the equilibrium number density of the electron fluid, Φ(x) = eφ(x),
E = (ǫ − µ0)/2Ep (Ep = h¯ωp with ωp =
√
4πe2n0/m being the quantized plasmon energy)
and x = x/λp with λp = 2π/kp and kp =
√
2mEp/h¯ being the characteristic plasmon wave-
length. Also, the time dependent part of the wavefunction reads ψ2(t) = exp(−iωt) with
ǫ = h¯ω being the energy eigenvalues.
The grand wavefunction G(x, t) characterizing the pseudoforce system 3(a) and 3(b) with
the boundary conditions Φ′(0) = Ψ′(0) = 0, Φ(0) = Φ0 and Ψ(0) = Ψ0 is
G(x, t) =

 Φ(x)
Ψ(x)

 e−iωt = e−iωt
2α

 Ψ0 + k22Φ0 − (Ψ0 + k21Φ0)
− (Φ0 + k21Ψ0) Φ0 + k22Ψ0



 eik1x
eik2x

 , (4)
in which E = h¯ω is the energy eigenvalue and
k1 =
√
E − α, k2 =
√
E + α, α =
√
E2 − 1. (5)
Note that k1 = 1/k2 holds for any energy eigenvalue E > 1.
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III. WAVEFUNCTION OF DRIVEN PLASMON
The following driven pseudoforce system [49] describes the plasmon excitations in the
presence of given static charge distribution due to ions or impurity charge in crystals
d2Ψ(x)
dx2
+ Φ(x) = −2EΨ(x), (6a)
d2Φ(x)
dx2
−Ψ(x) = ni(x). (6b)
For the sinusoidal space charge distribution ni(x) = C exp(iKx) (with C being the normal-
ized charge density) the particular solution to time -independent system (3) is
Φp(x) =
C
2α
[
(1 + βk22) e
ik1x − (1 + βk21) eik2x − 2αβeiKx
(K2 − k21) (K2 − k22)
]
, (7a)
Ψp(x) =
C
2α
[
(K2 − k21) eik2x − (K2 − k22) eik1x − 2αeiKx
(K2 − k21) (K2 − k22)
]
. (7b)
where β = K2−2E. Hence, the solution to system (6) is the combination of general (4) and
particular (7) solutions. It is however easy to give a generalized particular solution to the
case of arbitrary driven pseudoforce ni(x) =
∑
Cm exp (iKmx) with Km = mK as follows
Φp(x) =
+∞∑
m=−∞
Cm
2α
[
(1 + βk22) e
ik1x − (1 + βk21) eik2x − 2αβeiKmx
(K2m − k21) (K2m − k22)
]
, (8a)
Ψp(x) =
+∞∑
m=−∞
Cm
2α
[
(K2m − k21) eik2x − (K2m − k22) eik1x − 2αeiKmx
(K2m − k21) (K2m − k22)
]
. (8b)
where Cm = (K/2π)
∫
ni(x) exp(−iKmx)dx are the Fourier components of the charge dis-
tribution. Note that (8) is the most general analytic particular solution to the plasmon
wavefunction in the presence of an arbitrary one dimensional charge distribution ni(x).
IV. HEAVISIDE CHARGE DISTRIBUTION
There are obviously physical instances in which an ambient free electron gas arrives at
a uniform step charge density. However, it is valuable to derive expressions for probability
charge density and electrostatic field in the two regions for given energy of the plasmon
expiation. Assuming that the for there is an abrupt increase in the ion charge density in the
region x > 0, we have ni(x) = AΘ(x) in which Θ(x) is the Heaviside step function. Note
that the current case with charge density barrier is a new aspect of the pseudoforce model of
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plasmon excitations which is fundamentally different from the case involving the potential
barrier considered in many classical quantum problems of Schro¨dinger equation. It can be
easily confirmed that the following particular solutions satisfy the driven pseudoforce model
with the Heaviside step density distribution, ni(x) = AΘ(x).
Φp(x) =
AΘ(x) [4αE − γ1 cos (k2x) + γ2 cos (k1x)]
2α
, (9a)
Ψp(x) = −AΘ(x) [1 + γ2 − cos (k2x)− γ2 cos (k1x)] ,
1 + γ2
. (9b)
where γ1 = 1− 2Ek21 and γ2 = 1− 2Ek22.
Figure 1 shows the numerical evaluation of the solution (9) for different values of the
charge density values. The initial values Φ0 = Ψ0 = 1 is chosen for all simulations in this
paper. However, the continuity of the solutions and the derivative of Ψ is found to be
completely independent of the initial values. Figure 1(a) shows the electrostatic potential
variations of plasmon excitation in the region of space charge distribution for two different
values of negative (thin curves) and positive (thick curves) charge distributions and for a
given value of the plasmon energy. It is remarked that the average electrostatic potential
level of plasmon for positive/negative space charge distribution is positive/negative. More-
over Fig. 1(b) shows the electrostatic potential variations for an elevated plasmon energy
indicating that, while the spacial fluctuation frequency increases due to increase in plasmon
energy in both x < 0 and x > 0 regions for positive value of A = 0.5, these fluctuations for
negative value of space charge distribution A = −0.5 decreases. On the other hand, Figs.
1(c) and 1(d) show the variations of the wavefunction of electrons for the values used in
Figs. 1(a) and 1(b). It is revealed that, the average fluctuation level of the wavefunction in
Fig. 1(c) resides in negative/positive values for positive/negative space charge distributions
in the region x > 0. This is opposite to the case for electrostatic potential profiles in Fig.
1(a). The same feature is also seen for Fig. 1(d) which depicts the wavefunction variations
for an elevated plasmon energy. Another feature revealed by Fig. 1(d) is that increase in
the plasmon energy tends to further separate the average fluctuation levels corresponding
to negative and positive space charge distribution values, while increasing the fluctuation
frequency for both negative and positive space charge distribution signs.
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V. KRONIG-PENNEY PLASMONIC MODEL
The case of Dirac delta charge distribution, ni(x) = Aδ(x), may be realized as a coated
uniform charge sheet sandwiched in a Josephson junction. The particular solution of driven
coupled pseudoforce system may be written as follows
Φp(x) =
A [Θ(x)−Θ(0)]
2α
[
k32 sin (k1x)− k31 sin (k2x)
]
, (10a)
Ψp(x) =
A [Θ(x)−Θ(0)]
2α
[k1 sin (k2x)− k2 sin (k1x)] , (10b)
in which Θ(x) is the Heaviside theta function assuming Θ(0) = 1/2. The solution (10) may
be generalized to the case with one dimensional plasmonic crystal with nc(x) = B cos(Gx)
(G = 2π/a) []. The initial values Φ0 and Ψ0 in this case are chosen so that the general
solution satisfies the lattice periodicity condition. The complete, i.e., general+particular
solution for plasmonic crystal with a single Dirac delta charge at the origin is given below
Φ(x) = −B (G
2 − k21 − k22) cos (Gx)
(G2 − k21) (G2 − k22)
+
A [Θ(x)−Θ(0)]
2α
[
k32 sin (k1x)− k31 sin (k2x)
]
, (11a)
Ψ(x) = − B cos (Gx)
(G2 − k21) (G2 − k22)
+
A [Θ(x)−Θ(0)]
2α
[k1 sin (k2x)− k2 sin (k1x)] , (11b)
Moreover, for a symmetric sheets located at x = ±b (the parallel charged sheet configu-
ration) the solution for b > 0 reads
Φp(x) =
A [Θ(b)−Θ(b− x)]
2α
{
k32 sin [k1 (x− b)]− k31 sin [k2 (x− b)]
}
(12a)
− A [Θ(b)−Θ(b+ x)]
2α
{
k32 sin [k1 (x+ b)]− k31 sin [k2 (x+ b)]
}
, (12b)
Ψp(x) =
A [Θ(b)−Θ(b− x)]
2α
{k1 sin [k2 (x− b)]− k2 sin [k1 (x− b)]} (12c)
− A [Θ(b)−Θ(b+ x)]
2α
{k1 sin [k2 (x+ b)]− k2 sin [k1 (x+ b)]} . (12d)
The particular solution for Dirac delta charge may be further generalized to the 1D
Kronig-Penney model which finds numerous applications in solid state physics. The partic-
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ular solutions for the case of Dirac delta Kronig-Penney distribution (b > 0) is
Φp(x) =
+∞∑
m=1
A [Θ(mb)−Θ(mb− x)]
2α
{
k32 sin [k1 (x−mb)]− k31 sin [k2 (x−mb)]
}
(13a)
−
+∞∑
m=0
A [Θ(mb)−Θ(mb+ x)]
2α
{
k32 sin [k1 (x+mb)]− k31 sin [k2 (x+mb)]
}
, (13b)
Ψp(x) =
+∞∑
m=1
A [Θ(mb)−Θ(mb− x)]
2α
{k1 sin [k2 (x−mb)]− k2 sin [k1 (x−mb)]} (13c)
−
+∞∑
m=0
A [Θ(mb)−Θ(mb+ x)]
2α
{k1 sin [k2 (x+mb)]− k2 sin [k1 (x+mb)]} . (13d)
The initial values Φ0 and Ψ0 in the general solution should also be set in a way that the
G′ = 2π/b is the reciprocal lattice vector of 1D Kronig-Penney plasmonic crystal, i.e.,
Φg(x) = −B (G
′2 − k21 − k22) cos (G′x)
(G′2 − k21) (G′2 − k22)
, (14a)
Ψg(x) = − B cos (G
′x)
(G′2 − k21) (G′2 − k22)
. (14b)
Figure 2 shows the plasmon excitations with given energy in the presence of a Dirac
delta sheet at the origin. Figure 2(a) depicts the plasmon excitation in the presence of an
extremely narrow negatively charged sheet at the origin. The thin curve shows the plasmon
excitation with the same energy in the absence of the charge sheet. It is clearly remarked that
the charge sheet significantly modifies the plasmon electrostatic field variations in the whole
space around the sheet. However, the presence of Dirac charge sheet leads to a discontinuity
of electric field at the place of sheet. Moreover, Fig. 2(b) depicts the plasmon excitation in
space around a positively charged sheet. It is clearly remarked that the plasmon electrostatic
potential around the positive sheet is relatively higher compared to the previous case with
negatively charged sheet. On the other hand, Figure 2(c) and 2(d) depict the plasmon
wavefunction around the same sheets represented in Figs. 2(a) and 2(b), respectively. For
the case of positive/negative charges the profile seems to be mirror reflected in places far
from the origin where the sheet resides. However, the inspection of the values of Ψ2(x)
around the charge sheet reveals that electrons are more localized around the positive sheet
rather than that of negative charge.
The quantum plasmon excitation profiles in driven pseudoforce model and in the presence
of double Dirac delta sheet is depicted in Fig. 3. In Fig. 3(a) and 3(b) It is seen that the
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wavefunction and electrostatic potential amplitudes inside the parallel charged sheets is
comparatively lower than those outside this region. It is remarked that the electrostatic
potential contributed from the charged sheets is only present outside of the sheet region. In
other words the plasmon excitations inside the parallel charged sheets is isolated from the
outside fields. This feature is found to be dominant even with the asymmetric charged sheet
configurations (not shown here). Figure 3(c) shows the particular solution due to the charged
sheets only which reveals that this solution does not contribute to the plasmon excitations
inside the sheet region. Moreover, the plasmon excitations around the Dirac charged sheets
for beating energy eigenvalue E ≃ 1 is depicted in Fig. 3(d) for both wavefunction and
electrostatic potential profiles. It is remarked that the presence of charged sheets leads to
amplification of beating phenomenon outside of the sheet region.
Figure 4 depict the effect of Dirac charge sheet on one dimensional plasmon excitations
in a sinusoidal periodic lattice of spacing a. Figure 4(a) shows the plasmon excitation with
the energy E = 5 in unit of the plasmon energy Ep = h¯ωp where ωp is the electron plasma
oscillation frequency, around a negative charge sheet at the origin. The thin curve represents
the period field of the lattice. It is remarked that driven plasmon excitations carries the
periodicity of the lattice modulated over a large amplitude due to the charge sheet. The
current problem may represent a one dimensional impurity screening in a plasmonic crystal.
Because of the one dimensional screening instead of realistic spherical problem the decaying
does not take place. The plasmon excitation around a positive sheet with the same charge,
lattice parameter and plasmon energy is seen in Fig. 4(b). The electrostatic potential
around the sheet has become more positive in Fig. 4(b) due to the presence of positively
charged sheet. Moreover, Fig. 4(c) shows the wavefunction profile quantum electron plasma
oscillation in a plasmonic crystal around the negatively charged Dirac sheet at the origin with
same parameters as in Fig. 4(a). It is remarked that, the electronic density is localized at the
ionic positions. However, it is shown that the wavefunction and electrostatic potential are
out of phase everywhere in plasmonic lattice. In Fig. 4(d), on the other hand, the negative
charge sheet has been replaced with a positive sheet of same charge but with identical other
parameters. It is remarked that the free electronic charge in this case as compared to Fig.
4(c) is more localized around the positive sheet.
The time evolution of the plasmon excitation in lattice containing dirac charge sheet
appears in Fig. 5. Figure 5(a) shows perfect periodic plasmon excitations in the absence of
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charge distributions. As it is clear the Fig. 5(a) reflect a perfect harmonic pattern due to the
lattice periodicity. The introduction of a weak negatively charged Dirac sheet at the origin,
however, makes the clear periodic pattern somehow blurry but still the crystal periodicity
is apparent from Fig. 5(b). With further increase in the charge of the Dirac sheet, on the
other hand, the periodicity is further destroyed in Fig. 5(c). Figure 5(d) shows the time
evolution of plasmon excitation with elevated energy level as compared to Fig. 5(d). It is
remarked that plasmon excitations with higher energy values feel less that those of lower
energy the lattice periodicity in the presence of a Dirac charge sheet.
VI. CONCLUSION
Using the driven coupled pseudoforce system derived from one dimensional Schro¨dinger-
Poisson model the plasmon excitations of a free electron gas with arbitrary degree of degener-
acy and electron fluid temperature is studied in the presence of various charge distributions.
Closed forms of analytic functions is developed for plasmon excitations in the presence of
an arbitrary charge distribution. The developed model is shown to be completely flexible to
model a variety of physical problems with wide range of applications such as the impurity
screening in 1D lattice, multi-charge distributed layers, etc. Current research help to study in
detail the nature of quantum free electron excitations in periodic and quasi-periodic charged
environments like plasmonic lattice and in presence of arbitrary and random impurity dis-
tributions. The model can also be further extended to include complex charge distributions
containing arbitrary shaped charge regions fitting the desired physical situations.
VII. ACKNOWLEDGEMENT
Some analytic calculations in this research has been performed and checked for consis-
tency by the Wolfram Mathematica symbolic computing software [53].
[1] C. Kittel, Introduction to Solid State Physics, (John Wiely and Sons, New York, 1996), 7th
ed.
10
[2] N. W. Ashcroft and N. D. Mermin, Solid state physics (Saunders College Publishing, Orlando,
1976).
[3] F. F. Chen, Introduction to Plasma Physics and Controlled Fusion, 2nd ed. (Plenum Press,
New York, London, 1984).
[4] N. A. Krall and A. W. Trivelpeice, ”Principles of Plasma Physics”, (San francisco Press, San
francisco 1986).
[5] P. G. Drazin and R. S. Johnson, ”Solitons: an introduction”, Cambridge Texts in Applied
Mathematics, Cambridge University Press, (l993)
[6] Y. Klimontovich and V. P. Silin, in Plasma Physics, edited by J. E. Drummond (McGraw-Hill,
New York, 1961).
[7] E. Infeld and G. Rowlands, Nonlinear Waves, Solitons, and Chaos” (Cambridge University,
Cambridge, 1990).
[8] M. Kono and M. Skoric, ”Nonlinear Physics of Plasmas” (Springer Heidelberg Dordrecht
London New York, 2010).
[9] R. C. Davidson, Methods in Nonlinear Plasma Theory (Academic Press, New York, 1972).
[10] R. Z. Sagdeev, in ”Reviews of Plasma Physics” (Ed. M. A. Leontovich, Consultants Bureau,
NewYork, 1966).
[11] V. I. Karpman, Nonlinear Waves in Dispersive Media (Pergamon, Oxford, 1975).
[12] P.A. Markovich, C.A. Ringhofer, C. Schmeister, Semiconductor Equations, Springer, Berlin,
1990.
[13] G. Manfredi, Phys. Plasmas 25, 031701(2018); doi.org/10.1063/1.5026653
[14] H. Haug and S. W. Koch, ”Quantum theory of the optical and electronic properties of semi-
conductors”, World Scientific, 2004,
[15] C. Gardner, SIAM, J. Appl. Math. 54 409(1994).
[16] M. Akbari-Moghanjoughi and B. Eliasson, Phys. Scripta, 91, 105601(2016); doi:10.1088/0031-
8949/91/10/105601
[17] G. Manfredi, How to model quantum plasmas, Fields Inst. Commun. 46, 263287 (2005); in
Proceedings of the Workshop on Kinetic Theory (The Fields Institute, Toronto, Canada 2004):
http://arxiv.org/abs/quant–ph/0505004.
[18] P. K. Shukla, B. Eliasson, Nonlinear aspects of quantum plasma physics Phys. Usp. 51
53(2010).
11
[19] P. K. Shukla and B. Eliasson, Rev. Mod. Phys. 83, 885 (2011).
[20] F. Haas, Quantum Plasmas: An Hydrodynamic Approach (Springer, New York, 2011).
[21] S. Mattei, K. Nishid, M. Onaic, J. Lettry, M. Q. Tranb and A.Hatayama, J. Comp. Phys.
350, 891(2017).
[22] J. Hurst, K. L. Simon, P. A. Hervieux, G. Manfredi and F. Haas, Phys. Rev. B 93,
205402(2016).
[23] F. Haas, G. Manfredi, P. K. Shukla, and P.-A. Hervieux, Phys. Rev. B, 80, 073301 (2009).
[24] S. A. Maier, Plasmonics: Fundamentals and Aplications, Springer Science+Business Media
LLC (2007).
[25] C. Hu, Modern Semiconductor Devices for Integrated Circuits (Prentice Hall, Upper Saddle
River, New Jersey, 2010) 1st ed.
[26] K. Seeger, Semiconductor Physics (Springer, Berlin, 2004) 9th ed.
[27] B. Van Zeghbroeck, Principles of Electronic Devices (2011), Chap. 2.5,
http://ece-www.colorado.edu/∼bart/book/carriers.htm
[28] D. Bohm and D. Pines, Phys. Rev. 92 609(1953).
[29] D. Pines, Phys. Rev. 92 609(1953).
[30] P. Levine and O. V. Roos, Phys. Rev, 125 207(1962).
[31] Young-Dae Jung, Phys. Plasmas 2, 332(1995); doi.org/10.1063/1.871440
[32] Young-Dae Jung, Phys. Plasmas 8, 3842(2001); doi.org/10.1063/1.1386430
[33] A. E. Dubinov, A. A. Dubinova, and M. A. Sazonkin, J. Comm. Tech. Electr., 55 907(2010).
[34] A. E. Dubinov and I. N. Kitayev, Semiconductors 51 14(2017);
doi.org/10.1134/S1063782617010079
[35] F. Haas, L. G. Garcia, J. Goedert, and G. Manfredi, Phys. Plasmas 10, 3858(2003).
[36] M. Marklund, B. Eliasson, P. K. Shukla, Phys. Rev. E 76, 067401 (2007);
doi:10.1103/PhysRevE.76.067401
[37] P. K. Shukla and L. Stenflo, J. Plasma Phys. 74 719(2008); doi:10.1017/S0022377808007344
[38] M. Marklund, P.K. Shukla, Rev. Mod. Phys. 78 591(2006).
[39] P. K. Shukla and B. Eliasson, Phys. Rev. Lett. 108, 219902 (E) (2012); ibid. 109, 019901 (E)
(2012).
[40] Nitin Shukla, P. K. Shukla, G. Brodin, and L. Stenflo, Phys. Plasmas, 15, 044503 (2008);
https://doi.org/10.1063/1.2909533
12
[41] A. Bret, Phys. Plasmas 14, 084503(2007); doi.org/10.1063/1.2759886
[42] P. K. Shukla and B. Eliasson, Phys. Lett. A, 372, 2897(2008).
[43] M. Akbari-Moghanjoughi, Phys. Plasmas 24, 012113(2017); doi.org/10.1063/1.4975078
[44] J. T. Mendonca and A. Serbeto, Phys. Scripta, 91, 095601(2016); doi:10.1088/0031-
8949/91/9/095601
[45] B. Eliasson and P. K. Shukla, Phys. Scr. 78, 025503 (2008).
[46] G. Brodin and L. Stenflo, Phys. Plasmas 24, 124505(2017); doi.org/10.1063/1.5011299
[47] L. Stenflo and G. Brodin, Phys. Lett. A, 378 549(2014);
doi.org/10.1016/j.physleta.2013.12.027
[48] L. Stenflo and G. Brodin, Phys. Plasmas, 23, 074501(2016); doi.org/10.1063/1.4955325
[49] M. Akbari-Moghanjoughi, Phys. Plasmas 17, 082302(2017); doi: 10.1063/1.4987016
[50] M. Akbari-Moghanjoughi, Phys. Plasmas 25, 102105(2018); doi: 10.1063/1.5055372
[51] G. Manfredi and F. Haas, Phys. Rev. B 64, 075316 (2001).
[52] M. Akbari-Moghanjoughi, ”Quantized Plasmon Excitations of Electron Gas in Potential Well”
Accepted in Phys. Plasmas
[53] Stephen Wolfram, The Mathematica Book, Wolfram Media, Incorporated (2003);
ISBN:1579550223
13
